TRADITIONAL INDICES DERIVED FROM POLYSOM-NOGRAPHY (PSG) DATA THAT ARE AVAILABLE TO CHARACTERIZE CLINICAL DISEASES SUCH AS SLEEP disordered breathing (SDB), include AHI (apnea-hypopnea index), ArI (arousal index), and SE (sleep efficiency).
TRADITIONAL INDICES DERIVED FROM POLYSOM-NOGRAPHY (PSG) DATA THAT ARE AVAILABLE TO CHARACTERIZE CLINICAL DISEASES SUCH AS SLEEP disordered breathing (SDB), include AHI (apnea-hypopnea index), ArI (arousal index), and SE (sleep efficiency).
1,2 Although sleep researchers have used these indices to establish associations between SDB and other diseases and to quantify the severity of SDB, 3,4 they do not capture or quantify the dynamic patterns of the sleep process. To date, very little attention has been given to the temporal patterns of sleep and their relationship to health, the natural aging process, and disease.
Current PSG assessments use Rechtschaffen and Kales approaches 5 to assign the discrete sleep stages to 30-sec epochs, and use American Academy of Sleep Medicine (AASM) definitions to identify discrete events such as apneas, hypopneas, and arousals. Clinical and epidemiological studies often base their primary inferences on these well-established standards, which historically have formed the basis for research inferences and clinical practice, and also constitute the basis for third party reimbursement. However, recent innovations in digital acquisition and processing of PSG signals have identified opportunities for quantifying sleep architecture and SDB that may provide more sensitive measurement of sleep physiology than do the traditional scoring approaches. It is well known that the temporal patterns of physiological signals can provide unique insight into the differences between the normal and disease states in both humans and animals, and often these patterns can provide biomarkers that are predictive of a trend toward an abnormal state, as well as a better determination of changes in the state of activation of the autonomic nervous system. 6 For example, subtle changes in temporal heart rate and electroencephalographic rhythms have been shown to be indicative of a change in physiological condition, such as a trend toward chronic heart failure or the onset of an epileptic seizure. [7] [8] [9] [10] [11] In both of these instances, the heart rate and EEG signals respectively undergo gradual and detectable changes where the natural "complexity" of the underlying physiological signals gives way to more regularity as the disease state progresses. Entropy measures 12, 13 are gaining popularity in biological data analysis because of their ability to discriminate regular dynamics from irregular dynamics. Entropy measures can quantify the complexity of measured observation signals without information about the underlying dynamics of the system. One way to measure the complexity of a time series is to quantify the regularity or periodicity, of the temporal patterns using conditional entropy.
14 In our application, conditional entropy is used to quantify the periodicity or regularity of a short data sequence (the arousal events time series) through an analysis of the repetition of temporal patterns in the data.
In this study, we hypothesize that a change in the regularity of a biological signal, such as arousal events, can be used as a biomarker of underlying disease processes. We focus on EEG arousals because the frequency of arousals has been identified as a marker of sympathetic nervous system activation that may be associated with propensity for hypertension, 15 as well as a marker for sleep discontinuity predisposing to daytime sleepiness. The data relating arousal frequency to health outcomes have been inconsistent, however. In part this may relate to difficulties in reliably scoring arousals 16 or because the arousal index (ArI) measures the total number of arousals per hour of sleep and does not capture the dynamic behavior of the arousal events and their distribution in both time and intensity (duration). Given other systems in which additional information was derived by quantifying temporal patterns and regularity of events, 6 we propose to treat the arousal events as a dynamic process (time series data) by characterizing the temporal patterns of this time series to determine if such an approach provides alternative information compared to the ArI. Accordingly, the strength of association of hypertension, a condition associated with increased arousal frequency, with traditional PSG measures is compared to the association with temporally derived PSG measures.
MAtEriAl And MEtHods

study sample
The analytic sample is derived from participants in the Cleveland Family Study, an ongoing genetic epidemiologic cohort study beginning in 1990 examining the natural history and outcomes of SDB. Recruitment and data collection methods have been previously described. 17, 18 From a sample of 380 studies from participants older than 16 years participating in the last exam (July 2001 to June 2005), not using CPAP therapy, without scored alpha intrusion, and with complete covariate data, we performed a nested case control sample to identify 2 groups with disparate hypertension status. Subjects were included as hypertensive cases (HTN) if the average (of 9 readings obtained during the clinical exam, explained below) diastolic blood pressure (DBP) was greater than 90 mm Hg or the average systolic blood pressure (SBP) was greater than 140 mm Hg. An equal number of non-hypertensive (non-HTN) controls were identified on the basis of a DBP less than 70 mm Hg and SBP less than 110 mm Hg and not on antihypertensive medication.
protocol
Participants were studied in a dedicated clinical research facility and underwent overnight 14-channel PSG, blood pressure (BP) measurements, venipuncture, anthropometry, and glucose tolerance testing. Prior to the PSG, each participant completed the Cleveland Health and Sleep Questionnaire, a standardized and validated questionnaire assessing sleep habits and symptoms, medical history, health habits, and medication use, including diabetic and antihypertensive medications.
19 Current smokers were identified as answering affirmatively to smoking at least 1 cigarette per day over the prior one month; caffeine use was quantified as the number of caffeine containing drinks consumed on average per day. Height was measured to the nearest centimeter, with the subject in stocking feet, using a wall-mounted stadiometer; weight (to the nearest 0.1 kg) was measured with a calibrated scale (Healthometer). Body mass index (BMI) was computed as the ratio of weight to the square of the height (kg/m 2 ). Neck circumference was directly measured using a non-stretchable tape with the subject's head in the Frankfort horizontal plane.
sleep data Measurements
The PSG data were collected using Compumedics E Series System (Abbotsford, AU). The recording montage consisted of C 3 /A 2 and C 4 /A 1 electroencephalograms; right and left electrooculograms; a bipolar submental electromyogram; thoracic and abdominal respiratory inductance plethysmography; "airflow" (by nasal-oral thermocouple); nasal pressure (via a nasal cannula); finger pulse oximetry (Nonin, MN), electrocardiogram; body position (by a mercury gauge sensor); and bilateral leg movements (by peizoelectric sensors). Each study was scored by one dedicated certified research technologist. 20 Sleep staging and arousals were scored using Rechtschaffen and Kales criteria 5 and recommended criteria from the American Academy of Sleep Medicine (formerly known as the American Sleep Disorders Association, ASDA), 21 respectively. Apneas and hypopneas were defined using Sleep Heart Health Study (SHHS) criteria modified to include nasal pressure. 22 An apnea was defined as a complete or almost complete reduction in the thermocouple signal, lasting >10 sec. Hypopneas were scored when the amplitude of the sum of the abdominal and thoracic inductance signals or the nasal pressure flow signal were clearly reduced for >10 sec, with reductions at least 30% below "baseline" breathing amplitude. We used a hypopnea definition that required a minimum of a 3% desaturation to be observed with each event. The arousal index was defined as the number of arousals per hour of sleep. Intra-rater reliability for the arousal index for the scorer who analyzed all studies was formally assessed in a scoring reliability assessment, showing an intraclass correlation coefficient of 0.96.
Blood pressure Measurement
Participants had 3 supine blood pressure measurements each performed after lying quietly for 10 min: before bed (22:00) and upon awakening (07:00), and another 3 sitting at 11:00, following standardized guidelines using a calibrated sphygmomanometer. 23 Cuff size was determined by the circumference of the upper arm and the appropriate bladder size from a standard chart. BP was determined as the average of the 9 measurements.
Entropy-Based psG Features
Details of this method are provided as an Appendix. The arousal start time and arousal duration, based on manually scored arousals, were used to create an arousal event time series. We quantified the temporal and statistical regularity of the arousal events by computing entropy measures derived from the arousal time series. There are various forms of entropy, with the most common being Shannon Entropy (SE). In general, entropy 12, 13 is a measure of information content (alternatively, uncertainty) in a signal or time series and was originally introduced by Shannon in the context of estimating channel
Entropy-based Measures of EEG Arousals-Jamasebi et al capacity in a communication system. In this paper we, use conditional entropy (CE) 14 to quantify the pattern of regularity or variability in a short time series. CE measures the amount of information contained in one random variable about another random variable. When comparing the conditional entropy of 2 time series, the one with the lower value is referred to as being more predictable than the one with the higher. In our approach, we combine different characteristics of the arousal event time series to quantify the dynamics of the arousal process using these combined features. One approach was to construct a new time series with the arousal start time as the time points and the arousal duration as the magnitude of each data point. The new time series includes the 2 major characteristics of an arousal (arousal start time and arousal duration), and by analyzing this new time series we can obtain more detailed information about the dynamics of the arousal event process. The PSG measures that are derived from the arousal events include:
1) Arousal duration Entropy (AdE)
The ADE was derived to address the hypothesis that the regularity of the arousal duration is different between individuals with different clinical characteristics. As a result, this feature is derived from the conditional entropy of the arousal duration time series that would be a unique measure for each subject. In this context, the conditional entropy is a measure that quantifies predicting an arousal duration pattern of length L given the occurrence of an arousal duration pattern of length L-1.
2) Cross Correlation Function Entropy (CCE)
Here we consider the arousal duration and arousal start time simultaneously by analyzing the linear correlation between the arousal start time and the arousal duration. Conditional Entropy is used to quantify the regularity or variability in the arousal event process. Figure 1 depicts the process for calculating this feature.
3) randomly sampled discrete Fourier transform driven Entropy (rsE)
Another technique for the combined analysis of the arousal start time and arousal duration uses a randomly sampled time series that consists of impulses at the arousal start time points with the intensity of each signal equal to the duration of the corresponding arousal. Because this is not a uniformly sampled time series, standard times series analysis techniques such as the Fourier transform cannot be directly applied. However, we can analyze this type of time series using the discrete Fourier transform of randomly sampled time series. 24 Note this is similar to the problem that occurs in the spectral analysis of beatto-beat variations in heart rate variability. To the best of our knowledge, this is the first time such an analysis method has been applied to arousals. An example of a randomly sampled time series is shown in Figure 2 , and Figure 3 depicts the process for computing the RSE.
statistical Analysis
Subject characteristics and sleep indices are summarized using means, standard deviations and medians for continuous variables, and frequencies and proportions for categorical variables. Generalized estimating equations (GEE) 25 with an exchangeable within-family correlation structure and robust variance estimates were used to estimate the odds of each outcome without covariate adjustment as well as with adjustments for different covariates. Results are summarized using odds ratios (OR) and 95% confidence intervals. Mutual Information is used to capture linear or nonlinear dependency between covariates that cannot be captured by linear models. 26 Fully adjusted models included age, age-square, age-square root, gender, race, BMI, neck circumference, current smoking status, and average daily caffeine consumption. However, final estimates in models that included current smoking status and average daily caffeine consumption and quadratic terms for age did not substantially influence final estimates and were therefore not included in the final adjusted models. The generalized additive model is used to find the relationship between predictors and response variables that cannot be described by generalized linear models. Entropy-based Measures of EEG Arousals-Jamasebi et al univariate associations among age and BMI with ADE (arousal duration entropy, the index most strongly associated with HTN compared to the other entropy measures; data shown later). We assessed this in the overall sample from which cases and controls were selected to provide a broad range of age and BMI levels ( Table 3) . Age was correlated with both the AHI and ArI (r = 0.28 and 0.26, respectively, P < 0.01). In contrast, the magsubsample, are shown in Table 2 shows the Spearman correlation coefficients relating the strength of the linear associations among the temporally derived arousal measures and the traditional arousal and apneahypopnea indices. As seen, the highest linear correlation was between ADE with CCE (r = 0.55). ADE also had a strong correlation with ArI (r = 0.77) that indicated a linear dependence between these 2 measures. However, as shown later, the ADE measure also captured some nonlinear features associated with arousal events that were not captured in ArI.
interrelationships among traditional psG indices and temporally Based Arousal indices
relationships among AdE, Ari, AHi, Age, and BMi
Because age is one of the strongest predictors of HTN and BMI is one of the strongest correlates of SDB, we present the 
of more regular or predictable temporal patterns). The mean and standard deviation of arousal duration for the subject with hypertension were 11.78 and 5.88, respectively, and 9.49 and 5.62 for the subject without hypertension. To quantify the relationship with each PSG index and HTN, a log-linear model was used to compute the odds between each PSG index and HTN in both unadjusted and adjusted models (Table 4) . In unadjusted models, of all PSG indices considered, the AHI had the highest Odds Ratio (OR = 2.36 per 0.5 SD change, 95% CI: 1.48, 3.75, P = 0.0003). However, the Odds Ratio (OR) dropped by a factor of almost 2 after adjusting for potential confounders (OR = 1.18, 95% CI: 0.76, 1.84, P = 0.46). ArI and CCE also behaved similarly to AHI, and the association with HTN was attenuated after covariate adjustment. In contrast, the OR for ADE was significantly associated with HTN in both unadjusted and adjusted models (adjusted OR = 2.08 per 0.5 SD change, 95% CI: 1.19, 3.64, P = 0.008) indicating that the odds of HTN increased with the increased regularity of arousal duration.
disCussion
Studying the associations among sleep physiology, sleep disorders, and other physiological processes has been the interest of researchers for many years. An area of growing research has been the study of the association between sleep apnea, as measured by simple frequency counts of apneas, hypopneas, and arousals, with HTN, cardiovascular disease, and metabolic outcomes. 28, 29 In this type of investigation, as well as in clinical studies, the appropriateness of using summary metrics such as the AHI and ArI, has been questioned, as there has been increasing recognition of a need to more fully utilize the dynamic properties of PSG data to better understand sleep physiology and the consequences of abnormal sleep on health. Nonetheless, there has been little work that has tested the abilities of temporally derived indices of sleep fragmentation to discriminate subgroups of the population. In this paper, we introduced a family of entropy-based PSG-derived features as potential predictors of hypertension, a key outcome associated with both sleep apnea 30 and sleep deprivation. 31 A major finding is that nitude of the correlation between ADE and age was less than one-half of these estimates (r = 0.11, P < 0.05). BMI was also correlated with AHI, ArI, and ADE, with the strongest correlation observed between BMI and AHI (r = 0.42; P < 0.01). BMI and ArI were only modestly correlated. When we restricted the correlation analysis to the 92 individuals in the analytic sample, similar correlations were observed, and the correlation between ADE and age remained almost the same (r = 0.12, P < 0.02).
relationships of psG indices and Hypertension
Figures 4-6 compare the distributions of values of entropy measures between hypertensive and non-hypertensive groups. In order to assess the utility of entropy measures compared with traditional indices, we included an example of 2 subjects that had the same arousal index (ArI between 10 and 11) but different temporal patterns of arousal duration. The arousal event time series is depicted in Figure 7 as a sequence of impulses at the arousal start time points with the intensity of each signal equal to the duration of the corresponding arousal event. One subject belonged to the hypertensive group and the other to the may influence the pattern of arousals via effects on brainstemmediated or other reflexes.
An unexpected finding was that the ADE was less strongly correlated with age than was the ArI. We speculate that this may be because age-related phenomena may generally increase arousal number without greatly influencing arousal pattern, while disease-specific exposures influence pattern as well as number of arousals. It is well known that many sleep processes change with aging, 33 including increased Stage 1 and 2 sleep and reduced slow wave sleep. Indices of sleep architecture have been postulated to serve as biomarkers for aging and various disease processes. 34 With the growing availability of digital analysis of PSG records, further research should consider how temporally derived data extracted from the PSG EEG signals can be used to understand both aging and disease states.
The weaker association between age and arousal pattern likely explains the differences in the strength of the ORs for the ArI and ADE in unadjusted and adjusted models; i.e., adjustment attenuated the association for the ArI and increased it for the ADE. One challenge in understanding the impact of sleep disorders on health outcomes is that most exposures, such as the AHI, are strongly associated with correlates of disease (e.g., BMI, age). Accordingly, in most adjusted models, the strength of associations is attenuated after adjusting for potential confounders. Identifying measures of sleep physiology that are relatively independent of such confounders may help in quantifying events that are associated with sleep disorders.
A study limitation includes the cross-sectional design, which limits inferences about causality. Future studies may better identify the role of arousal pattern in disease by evaluating their association to incident hypertension and responsiveness to therapeutic interventions. Another study limitation is the relatively small sample chosen for detailed physiological analysis. It is possible that arousal patterns do not as well discriminate blood pressure levels across the continuum as well as discriminate between 2 groups with markedly disparate HTN status. The HTN and non-HTN groups also differed by demographic and anthropometric factors well known to be associated with HTN. Because data were derived from an existing cohort, it was not possible to match on these factors. However, we believe this may be a strength and not a weakness of the analysis, which is aimed at identifying measures that discriminate HTN status in populations where age, BMI, and race differences are correlated with HTN status. Furthermore, the most interesting entropycharacterization of the temporal pattern of EEG arousals based on measures of entropy, in particular the regularity of arousal duration, may provide a better prediction of HTN than a simple count of arousal number (as shown in the example of 2 subjects with the same arousal index but different arousal duration patterns).
Traditional measurement of arousals during PSG adds complexity and burden to the processing and scoring of PSGs. Despite the challenges in reliably scoring arousals, 16 the measurement of arousals has often been deemed important because arousals may serve as surrogate markers for sympathetic nervous system activity, 32 which is one physiological pathway important in HTN pathogenesis. A prior study from the Cleveland Family Study that assessed the relationship of traditional PSG measures with HTN identified, in covariate adjusted analyses, found the ArI to be more strongly associated with HTN than either the AHI or measures of nocturnal desaturation. 15 The current study extends these findings in a sample of the original cohort selected to represent individuals with clearly disparate HTN status. The current analyses suggest that it is not only arousal number, but arousal event pattern, that can discriminate HTN from non-HTN individuals. Our analyses suggest that individuals with HTN not only have a higher frequency of arousals but also have an arousal duration pattern that is more regular across the sleep period. The regularity of arousal duration may be more tightly linked to HTN than arousals that have a more irregular or variable duration pattern if the increased regularly causes a more sustained increase in sympathetic tone than the irregular arousal duration patterns. It is also possible that more regular arousal duration patterns are a reflection of more continuous sleep and/or breathing interruptions than would arousals with more irregular or sporadic duration, which may be less tightly linked to other physiological behaviors, such as respiratory disturbances. In addition, consistent with analyses of entropy in other physiological systems, 6 it is possible that more regular arousal duration patterns occur in individuals with less variability in their intrinsic homeostatic mechanisms, and it is these individuals who are at greatest risk for disturbed cardiovascular responses that lead to HTN. However, because the data were based on cross-sectional analyses, the direction of the causal association between any of the PSG indices and HTN cannot be determined. Thus, it is also possible that HTN per se Entropy-based Measures of EEG Arousals-Jamasebi et al tion (CCE and RSE), suggesting that the dynamic characteristics of the arousal event process in the HTN group are different than those in the non-HTN group. These measures thus provide a unique opportunity to improve risk stratification and more precisely describe phenotypic variability in sleep than do traditional measures. Because traditional indices are influenced by age, our data also suggests the potential for identifying measures that are not strongly associated with age and thus may provide more specific indices of disease rather than the aging associated processes. The search for biomarkers for a given disease phenotype is a creative endeavor that requires determining not only what data to use, but also which features need to be extracted from a given data source and how these features should be combined to yield the level of statistical significance required for clinical applications and utility. 35 The approach in this paper represents a step in this direction.
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Support: NIH HL 46380, M01RR00080, U01HL63463, and HL081385 rEFErEnCEs based index (ADE) was only weakly associated with age and modestly associated with BMI in the larger cohort from which samples were drawn. The association between various exposures and outcomes in any statistical model can easily be misspecified. Our analysis approach investigated both linear and nonlinear associations to more fully understand the influence of confounders on the model. Adjustments for both age-square and age-square root were used to compensate for any nonlinear (quadratic) influence that was observed in the scatter plots of entropy-based measures versus age. The adjusted model however was not influenced by these nonlinear relationships.
Our analyses focused on modeling the temporal patterns of arousals but did not attempt to characterize the source of arousals (respiratory vs. other), or assess the predictive ability of indices derived by modeling the temporal patterns of respiratory disturbances. Our prior work 15 showed that the strong association between the ArI and hypertension was likely attributable to arousals associated with respiratory events rather than to arousals occurring spontaneously. In our sample there was a relatively strong correlation between the AHI and ArI, which may be partly due to the relatively high AHI in the sample and high proportion of respiratory events associated with arousals (about 50%). Thus, the strong observed association between the ADE and hypertension may reflect underlying differences in respiratory disturbances and airflow obstruction that cause distinct arousal patterns in hypertensive and non-hypertensive individuals. Further, the increased regularity of arousal duration patterns in the HTN group may also be attributable to arousals associated with respiratory events rather than to arousals occurring more spontaneously in the non-HTN group. Future work will be needed to both extend the analyses (using additional signals and algorithms, and testing alternative outcomes such as OSA status) as well as assess how the analysis generalizes across population groups, including those with lower levels of AHI.
In summary, temporally derived measures of arousal pattern appear to have the potential to explain variability that is observed in the population that is not currently captured by demographic data and traditional PSG-derived measures. We also observe that all the entropy-based measures derived from the arousal events are associated with HTN status including measures that describe the regularity of arousal duration across the sleep period (ADE) and measures that quantify the regularity of the interaction between arousal start time and arousal dura- † Odds ratio shown for 0.5 standard deviation change. † † ADE decreases with an increase in regularity (the coefficient for ADE is reversed to indicate a higher value is associated with increased regularity). ArI, arousal index; ADE, arousal duration entropy; CCE, cross correlation function entropy; RSE, randomly sampled discrete Fourier transform entropy; AHI, apnea hypopnea index.
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where x N (k) is x(k) normalized. Conditional entropy provides a measure to discriminate between repetitive patterns in a sequence versus aperiodic dynamics and is well suited for many biological or physiological applications where increased regularity or predictability of a physiological rhythm is a trend toward an abnormal state. The strength of conditional entropy over other entropy related measures is in its ability to deal with time series data with a limited number of observations. Most entropy-based techniques cannot be used effectively to quantify the characteristics of short data sequences.
One application of conditional entropy is to quantify the periodicity or regularity of a short data sequence through an analysis of the regularity or repetition of a given temporal pattern in the data. In this context, the conditional entropy will be a measure that quantifies predicting the L th pattern given the occurrence of the L-1 st pattern. The entropy of a sequence {x(k)}; = 1,2,...,N is consequently defined as:
where p L-1 is the joint probability of the sequence x L-1 (k) and P L/L-1 is the conditional probability of the L th sample of pattern x L (k) given the L-1 st pattern. Here, x L (k) is a L-dimensional
